The Multichannel Analysis of Surface Waves (MASW) is an increasingly used technique for recognition of a shallow geological structure and estimation of geotechnical parameters, e.g., S-wave velocity, layer density, layer thickness, shear modulus, estimated P-wave velocity, and estimated Poisson ratio. MASW surveys were carried out in two limestone quarries in the southern part of Poland. The experimental areas are characterised by a simple geological structure: consolidated Triassic limestone. Measurement profiles were arranged as a shapely six-pointed star. For each survey line, 12 geophones with 2-meter (Deposit 1) and 3-meter (Deposit 2) spacing were applied. The research allowed to compare P-and S-wave velocity changes with the main crack systems in the studied rock masses.
INTRODUCTION
Cracks are very common features of the rock mass which have influence on physical properties of rocks. Cracks make the rock much more susceptible to mechanical effects. The main consequence of the existence of cracks for the elastic wave propagation is the development of seismic anisotropy due to the anisotropic distribution of crack orientation. Numerous theoretical and experimental papers describe the relationship between fracture parameters and seismic wave velocity (e.g., Anderson et al. 1974 , Barton 2007 , StanKáeczek 2008 , Dobróka et al. 2012 and also relations between elastic properties and crack systems , StanKáeczek and Idziak 2008 , Bukowska et al. 2007 , Bukowska and Sanetra 2008 , Jarzyna et al. 2010 . The seismic anisotropy studies usually use Pwave velocity less often than S-wave velocity. The Multichannel Analysis of Surface Waves (MASW) method is a non-invasive method recently developed to estimate a shear wave velocity. It allows an identification of S waves from a packet of surface waves of Rayleigh type, its analysis and at the same time a solution of different other problems (Çaylak and Kaftan 2014, Polkowski and Grad 2015) . The characteristic of Rayleigh waves is related to its element, that is, a vertical shear wave SV. The parameters of Rayleigh waves, like velocity, are directly dependent on elastic properties of rock mass. The aim of the presented studies is to identify the possibility of using the Multichannel Analysis of Surface Waves (MASW) to study the anisotropy of carbonate rock masses.
STUDY AREA CHARACTERISATION
The study area is located in the southern part of Poland in two Triassic limestone quarries.
Deposit 1 -Strzelce Opolskie
The first deposit is the Triassic limestone (Fig. 1) . Fig. 1 . The geological structure of Deposit 1: 1 -Holocene, 2 -Neogene, 3 -Triassic, 4 -main faults, 5 -the Strzelce Opolskie quarry.
The studied rock mass is located in the borough of Strzelce Opolskie, about 30 km from Opole. In the Strzelce Opolskie deposit there occurs a complete profile of the Lower Muschelkalk. The layers were deposited one upon the other, falling in towards the north at an angle of 2-4°. The Triassic layers consist of different types of limestone. The Triassic rock series are covered by the Neogene sediments like sandstone and boulder clay (Czarakcziewa 1971).
Deposit 2 -Sadowa Góra
The second deposit built of Triassic limestone is called Sadowa Góra (Fig. 2) . It is situated on the south-west limb of Wilkoszyn Syncline which is located in the south-east part of the Upper Silesia Basin. The thickness of the Triassic sequence ranges from about 1 to 200 m (Stan-Káeczek et al. 2012 ). This pit is characterised by limestones, marls, cellular limestones, interbed limestone conglomerates, undulated limestones, and ore-bearing dolomites in the roof part of the quarry. 
PRINCIPLES OF MASW
At the beginning of the 1980s, spectral analysis of surface waves (SASW), which produced the near surface S-waves profiles, was introduced (Nazarian et al. 1983) . SASW, as other seismic methods, carried out spectral analysis of surface waves generated by an artificial source and registered by a pair of geophones. Next, the data were proceeded in the frequency domain to obtain a dispersion curve. However, this method was time consuming and ineffective in the long term. The multichannel analysis of surface waves (MASW) attempted to overpass the ineffectiveness of the spectral analysis of the surface wave method (Nazarian et al. 1983 .
Rayleigh wave dispersion
Rayleigh surface waves, propagating along a free surface, such as the earthair interface, are oriented and dispersive. Particle motion of the Rayleigh wave fundamental mode is elliptical in a retrograde direction, if waves are moving from left to right. As a result of wave propagation in the dispersion medium (layered medium), surface waves with different frequencies propagate at different velocities. This means that the velocity of the corresponding signal, called group velocity, is different from the propagation velocity of the phase velocity, and also depends on the frequency, leading to the dispersion of the seismic signal , Foti et al. 2011 .
It is known that a simple, two-dimensional slowness-frequency (p-f) transform of recorded seismic traces allows to distinguish Rayleigh waves from other seismic arrivals (Louie 2001 , Foti et al. 2011 . The p-f transformation takes a fragment of seismic traces (x-t) and converts it to the ray parameter p and an intercept time Ĳ (Louie 2001 ). This transform is a line integral across a seismic record A(x,t) at distance x and time t (Louie 2001) ( , ) ( , )
where the slope of the line p = dt/dx is the inverse of the apparent velocity V a in the x direction. Next, complex Fourier transform F A (p,f) in the intercept time direction is computed for the each p-Ĳ trace in A(p,Ĳ). They consist of 24 slowness traces, which are the sum across a registration at all intercept times, at a single slowness or velocity value (Louie 2001) :
.
Then the power spectrum S A (p,f) as the magnitude squared of the complex Fourier transform is calculated (Louie 2001 ):
where * denotes the complex conjugate. Two p-Ĳ transforms are summed together in both forward and reverse directions along the receiver line. Finally, the slowness-frequency analysis allows to obtain the total spectral power in all records from a survey profile where a coherent phase has significant power. This procedure is used to find dispersion curves of Rayleigh waves of normal modes in low velocity surface layers (Louie 2001) .
S-waves profiling
Dispersion is a common property used in surface wave methods. Shear wave velocity (V s ) can be calculated by mathematical inversion of the dispersive phase velocity of surface waves. Surface wave dispersion can be significant in the presence of velocity layering, which is common in the near-surface environment. There are other types of surface waves, or waves that travel along a surface, but in this application we are concerned with the Rayleigh wave, which is also called "ground roll" since the Rayleigh wave is the dominant component of ground roll. Before the inversion procedure, forward modeling must be carried out to create an initial V s model based on observed data. To avoid local minima in the inversion that often generate unreal velocity changes with depth, the interactive modeling must be applied (Lai and Rix 1998 , Louie 2001 , Dal Moro et al. 2007 .
Genetic Algorithms (GAs) have been proposed to find the best inverse solution and thus the appropriate V s model. The problem defines an environment (S-wave velocities and thicknesses) where is a population of individuals (V s profiles). Each of the individuals is assigned a certain set of information which constitutes its "genotype". In other words, the genotype describes the proposed solution to the problem, and the adaptation function assesses how good this solution is. The fittest individuals (i.e., the ones with the highest fitness values) are chosen to generate offspring. Next, the best individual became "father" of the next generation. Mutation operators allow good genes (that have never appeared before) to be selected and should also ensure that a potentially good component is not lost during reproduction and crossover operations. The process can stop after a fixed number of generations or when the fitness of an individual reaches a certain previously-fixed value (Ramillien 2001 , Dal Moro et al. 2007 ).
METHODOLOGY

Field works
The study was made in two limestone quarries (Deposit 1 -Strzelce Opolskie quarry and Deposit 2 í Sadowa Góra quarry). The geometrical parameters of cracks were measured using geological compass. The P.A.S.I. equipment was used for seismic measurements. The seismic profiles were oriented at 30 degrees to cardinal points of the compass. Twelve geophones were placed along each profile at 2-meter (Deposit 1) and 3-meter (Deposit 2) spacing. To generate seismic waves, an eight kilogram hammer and metal plate were used. The first break times of P and S waves were read from recorded seismograms and, on this basis, seismic wave velocities were calculated.
Data processing
The seismic traces obtained during field surveys were analysed in Win-MASW software, created by Eliosoft. The data is prepared for the phase velocity spectrum calculation. Traces are cut and only the useful signal is put to p-Ĳ and FT transform. Before these transformations range of frequency and range of phase velocities had been set. The frequency range was from 1 to 160 Hz and the phase velocity range was changing from 20 to 1600 m/s or more (it depends on dispersion curve size). The result was the phase velocity spectrum with distinguished dispersion curve or curves -it depended on the number of modes observed.
The next step was to create a model of the dispersion curves. A priori data from the refraction seismic were used to find approximation of S-wave velocity and thickness of layers. The WinMASW software allows to calculate a dispersion curve model. This procedure enables obtaining the initial model (reference model) during the inversion process.
An appropriate fitted model with picked Rayleigh wave modes is used for the inversion procedure. After the inversion using Genetic Algorithm application, the final models are obtained. The results consist of the S-wave profiles -the best one and the average one (Fig. 3) , the misfit changes in each generation and geotechnical parameters. All data were inverted using the 2-layered model as the initial model. The first layer was a low-velocity zone (cracked limestone) with velocities between 300 and 600 m/s. The second layer was assumed as consolidated limestone with relative higher S-wave velocity range: 1000-2000 m/s. However, only shallow data were taken into account in the present paper. Due to a small number of geophones, relative short geophones spacing and not far offset, it is assumed that the second layer is always biased.
RESULTS AND DISSCUSION
In the investigated deposits, azimuth distributions of seismic wave velocity are characterised by the occurrence of velocity maxima at specific directions. The three predominant fracture orientations were observed for Deposit 1: A (50°-60°), B (70°-90°), and C (160°-180°) and for Deposit 2: Aƍ (70°-90°), Bƍ (110°-150°), and Cƍ (160°-180°). The results of P-and S-wave velocities from the seismic refraction (RFR) method (Stan-Káeczek et al. 2012 ) and S-wave velocity from MASW technique are presented in Table 1 . As it was mentioned, only the result from shallow layer was considered in this study and compared with previous data from both deposits. Moreover, it needs to be highlighted that for some azimuth angle it was difficult to calculate velocities. In Table 1 this is marked as "-". There are several reasons why the velocity could not be found; in the most cases, data were bad, without distinguished P-arrivals and surface wave waveforms, and they will be repeated in near future. The presented MASW data (Table 1) are S-wave velocities obtained for an average model, and standard deviations ǻV s for each velocity are also added.
In Fig. 4 values from Table 1 are plotted together. Figure 4a shows data from Deposit 1 (Strzelce Opolskie) and Fig. 4b describes velocity changes in Deposit 2 (Sadowa Góra). Standard deviations are not marked because their values are too small. In investigated deposits, azimuth distributions of the seismic P-wave velocity are characterised by the occurrence of velocity maxima at specific directions. These directions agree with the measured directions of the main crack systems (Fig. 4) . The reason of these differences can be found in different approaches to S-wave calculations. The survey was carried out using vertical geophones, hence only the vertical component of S waves could be registered. Moreover, values obtained from MASW are average values of S-wave velocities. Another reason of these variations is that they can be generated due to the uncertainties occurring during the determination of S-wave velocity in both a)
methods. The dispersion curve on spectrum is not a thin line but a certain area with high energy amplitudes. Therefore, the marked dispersion curves cannot be precise.
The study of the seismic refraction method shows better results than the MASW method. It may also be associated with methodology of the refraction measurements which were made along radial profiles at 10 degrees. The MASW research was carried out along profiles at 0, 30, 60, 90, 120, and 150 azimuths. The main crack systems were not shown.
CONCLUSION
The obtained results show that the S wave reflects the major systems of cracks much less than the P wave. This situation could be related to the direction of wave incidence and the vertical geophones applied to the measurement and/or crack-filling water which effects on the directional velocity distributions.
More dense distribution of the MASW survey lines will allow to see anisotropy more precisely and fully utilize all the possibilities of MASW methods.
